Abstract
INTRODUCTION
We present here what we believe to be the first implementation of a Photonic Crystal Fiber (PCF) [1] based sensor for selective antibody detection using evanescent-wave fluorescence spectroscopy. A sensing layer of streptavidin immobilized inside the air holes of the PCF captures the antistreptavidin through an antigen-antibody interaction. The selectivity of the capture has previously been documented using epifluorescence microscopy [2] , but with the implementation of a highly sensitive setup [3] , we are capable of measuring the Cy3 fluorescence spectrum, thereby giving a more sensitive and reliable detection. The PCF is illuminated from the side with a line-shaped laser beam. The fluorescence emitted from the Cy3 molecule tunnels through the evanescent field into the fiber cores and is guided to the fiber end.
MOTIVATION
The air holes of a photonic crystal fiber allow the positioning of liquid and gaseous samples in close proximity to the fiber core without removing the cladding of the fiber. Robust evanescent-wave absorption [4] and fluorescence sensors with a strong interaction between light and sample can thus be realized. The detection of antibodies produced in the human body may be used as diagnostic targets of diseases.
STRONG-PENETRATION PHOTONIC CRYSTAL FIBERS
Photonic crystal fibers form a recent class of optical fibers based on a photonic crystal pattern of air-holes running along the length of a silica fiber.
Careful choice of the physical characteristics is needed to obtain a strong penetration depth of the optical field inside the air holes of a PCF. Usual index-guiding PCFs with a solid core and a lattice of surrounding air holes only provide interaction between light and a small fraction of the sample volume, due to the relatively high confinement of the light in the core of the fiber. Light guidance inside a hollow core through the photonic bandgap effect provides maximal interaction between the guided light and the deposited sample. But these fibers are still difficult to design and fabricate. Another possibility is to use a hollow core PCF and to guide the light inside the air-suspended silica structures of the cladding, acting as a high number of cores. The size of these silica cores (1µm wide) and their proximity to the surrounding air holes realize better fluorescence signal conveyers than more traditional PCF approaches. This type of PCFs is referred to as Strong Penetration Photonic Crystal Fibers (SP-PCF). The SP-PCF chosen for these experiments is provided by Crystal Fibre A/S and has a microstructured part composed of a large hollow core (17µm in diameter) and a triangular lattice (pitch 4µm) of smaller holes presenting different diameters (4.2µm and 3.4 µm), as shown in figure 1. 
EXPERIMENTAL SETUP
Samples of 30cm of SP-PCFs were prepared as described in the previous section and a fluorescence measurement was performed with both an unspecific and a specific sample.
To enable strong penetration of the laser light inside the fiber, we stripped the acrylate coating of a 7cm-long section of SP-PCF and suspended it between two Z-alignment stages. A 20mW CW line-shaped laser (aperture 45°), emitting at 532nm was used to illuminate the fiber from the side. Perfect alignment between the laser and the fiber is realized by observing the resulting diffraction patterns. The choice of a line-shaped laser is motivated by the ease of use of this method and its fast alignment procedure. Indeed, no coupling has to be realized between the light and the fiber. The wavelength emitted by the laser matches the excitation peak of the Cy3 fluorophore present in the target oligoprotein molecules, which in turn emit at a slightly longer wavelength (peaking at 620 nm). The light transmitted though the fiber is detected by the spectrometer and the fluorescence signal from the Cy3 fluorophores can be observed as a transmission peak in the 620nm region. A simplified representation of the experimental setup is depicted in figure 4 . We chose for this experiment a high precision Ocean Optics HR2000 spectrometer, detecting in the visible spectrum (≈400-800nm) with a 1nm resolution. The integration time is fixed at 100ms in our experiment, since the concentration of fluorophores is large enough to saturate the spectrometer for longer durations. It must be noted that no fluorescence decay of Cy3 fluorophores was observed, and thus no particular precautions were taken towards controlling the fiber exposure time to the laser light. A picture of the actual setup is shown in figure 5 .
RESULTS AND DISCUSSION
We placed 4 chemically coated SP-PCFs in the pressure chamber for antibody target filling during 1h. Two fibers were filled with a solution of unspecific alpha-CRP-Cy3 oligoprotein, the two others with a solution of specific antistreptavidin-Cy3. After filling, the air-holes were washed during 6min with PBS. The results of two representative samples are shown in figure 6 . These results show that the selective sample exhibits a stronger fluorescence than the non-selective sample (fluorescence approximately twice as intense). Re-absorption of the fluorescent signal by the fluorophores present in the fiber is observed and explains the lack of fluorescence in the 580nm region. The selective detection was confirmed by an epifluorescence microscopy measurement. When working with PCFs for biosensing applications, one should be aware of problems arising due to the size of the microstructures. The flow of liquids is governed by the laws of microfluidics and the surface tension is predominant in such channels. Liquids are thus more difficult to evacuate completely and residual unbound Cy3 fluorophores are present even after long washing times. Furthermore, a differential filling rate within the fiber has been observed, leading to non-homogeneities in the coating.
The final PBS filling duration after binding is also an issue, since 6min is obviously too short and leads to a strong fluorescence level from the unspecific sample. Using the same unspecific sample, a subsequent PBS wash of 10min was done and the fluorescence level was measured. Another measurement was realized after flushing the same fiber under a pressure difference of 200kPa for 10min. The results are shown in figure 7. These results clearly show that the residual fluorescence coming from the remaining liquid solution of alpha-CRPCy3 molecules becomes negligible after longer washing and flushing periods. This yields the need for a more precise mean of determining the filling dynamics of SP-PCFs to be able to reliably detect specific antibodies binding.
CONCLUSIONS
We demonstrated here an original approach for detecting antibodies based on the properties of strong penetration photonic crystal fibers. Selective sensing of antibodies has been realized. The overall reliability can be improved by tuning the filling times to match the size of the geometry in consideration (microns-wide flow channels). The improvement of this method will be subject to further work.
